MicroRNAs are small RNA molecules with big impact in many eukaryotic biological 24 processes. In plants, their role as regulators of important developmental programs such as 25 leaf size and shape, flower organs or phase transitions, among others, have been evidenced 26 by mutants in specific miRNAs and by mutants in components of their biogenesis. However, 27 we are still far from understanding the scope of this regulatory system so other crucial 28 developmental phases might be influenced by the microRNA pathway. 29 Skotomorphogenesis is an essential developmental program that takes place after seeds 30 germinate underground in order to display a proper response when seedlings reach the light. 31 In this work, we found that the core components of microRNA pathway, DCL1, HYL1 and 32 SERRATE, promote hypocotyl elongation during skotomorphogenesis. Hook unfolding, 33 another characteristic phenotype displayed by dark-grown seedlings is also regulated by 34 these proteins but, surprisingly, they act in different ways. Thus, HYL1 represses hook 35 unfolding while DCL1 and SE promote it since the hooks of mutants on each component are 36 more or less open than those of wild-type during skotomorphogenesis, respectively. Genetic 37 and physiological analyses on HYL1 mutants provide evidence that repression of hook 38 unfolding is carried out through the HYL1 protein-protein interaction domain. Furthermore, 39 the data indicates that phosphorylated HYL1 is necessary for this function. Molecular and 40 genetic analyses also suggest that HYL1 regulates the activity of the master 3 41 photomorphogenic regulator HY5 in darkness to ensure a proper early skotomorphogenic 42 growth. In summary, while our data show a role for miRNAs in darkness, it also suggests a 43 microprocessor-independent role of HYL1 as a repressor of hook unfolding assigning a 44 biological function to phosphorylated HYL1. This work uncovers a previously unnoticed link 45 between components of the miRNA biogenesis machinery, the skotomorphogenic growth 46 and hook development in Arabidopsis.
seem to develop a partial photomorphogenic growth in darkness. Since phenotypic 142 differences can be seen at 2dD and both hypocotyl elongation and hook opening rates remain 143 relatively unchanged at later time points, we hypothesize that the presence of HYL1 is more 144 relevant at early than late stages during skotomorphogenesis. 145 To study where is HYL1 actively participating in the control of skotomorphogenic growth 146 we generated hyl1-2 plants expressing HYL1-CFP under the control of its own promoter 147 (pHYL1::HYL1-CFP; [29] ). Several transgenic lines expressing the fusion protein were 148 obtained, and the difference in expression levels between lines was evaluated by measuring First, we quantified the number of seedlings with discrete nuclear or diffuse localization in 159 different tissues of both lines. A significant proportion of seedlings turn from nuclear to 160 diffuse localization as the skotomorphogenesis progresses in roots and hypocotyls. 161 Interestingly, HYL1-CFP remains nuclear in hooks during all three time points tested in both 162 lines (S1 Table) . We then quantified fluorescence intensities of nuclei from those seedlings 163 with discrete nuclear localization. Figs 1D and 1E show that the level of HYL1-CFP 164 decreases in roots as skotomorphogenesis progresses while fluorescence intensities remain 165 constant in hooks after an initial drop from 2dD to 3dD. In summary, our results suggest that 166 HYL1 is present during early stages of development in darkness and is degraded in most 167 tissues as skotomorphogenesis progresses. The particular persistence of HYL1 levels in 168 hooks could indicate that proteolytic regulation is not taking place in that tissue and that the 169 protein could have a role in the repression of hook opening.
170
HYL1 is a key adaptor within the dicing complex to precisely and efficiently generate 171 microRNAs (miRNAs) from their primary RNA precursors (pri-miRNAs; [7] biogenesis proteins fail to generate miRNAs and accumulate pri-miRNAs. We tested the 176 expression levels of nine pri-miRNAs, 156b, 156c, 156d, 159b, 162a, 164c, 166a, 166b and 9 177 171b in hyl1-2 and Col-0 dark-grown seedlings. All nine precursors accumulate in the mutant 178 at higher levels than in controls at 2dD ( Fig 1F and S5 Fig) . Moreover, this over-179 accumulation persists even at 4dD for most of them although with smaller differences. To 180 test whether this accumulation of pri-miRNAs in hyl1-2 is due to a deficient microprocessor 181 activity we checked the abundance of several miRNAs by stem-loop qPCR. Compared to 182 WT seedlings, a very small amount of miRNAs is produced in HYL1 mutant seedlings in 183 darkness ( Fig 1G) . Our findings suggest that HYL1 activity, through the biogenesis of 184 miRNAs, is important during skotomorphogenesis. As HYL1 is actively participating in the control of skotomorphogenesis, and no specific 189 role beside microRNA biogenesis was found for this protein until now, we expected to find phenotype opposite to hyl1-2. We also tested the behavior of light-grown se-1 mutants.
197
Although significant differences were found in hypocotyl elongation between se-1 and WT 198 at 3 days in LD these are rather small and probably with low biological impact (S6A and S6B 199 Figs). This suggests that, as in HYL1 mutants, the role of SE in early development is more 10 200 relevant during skotomorphogenesis. In order to study the localization of SE protein in dark-201 grown seedlings we generated pSE::YFP-SE lines in se-1 background and checked 202 fluorescence by confocal microscopy. Images obtained from several independent lines grown 203 at 3dD showed localization of YFP-SE in nucleoplasm from all tested tissues: hooks, 204 hypocotyls, roots and cotyledons ( Fig 2D) . Given that SE is present during 205 skotomorphogenesis and the phenotypes observed in se-1 we next tested whether miRNA 206 biogenesis is impaired in dark-grown mutant seedlings. We tested the expression of nine pri- experiments. Similar to what we observed in hyl1-2 mutants, miRNAs accumulation is also 211 impaired in se-1 during skotomorphogenesis ( Fig 2F) . We tested for phenotypic alterations 212 in dark-grown DCL1 mutants as well, by using the hypomorphic allele dcl1-100. As Table) . Hypocotyl elongation rate is significantly slower in dcl1-100 compared 219 to the rest of heterozygous and WT segregating seedlings, as well as to WT siblings grown skotomorphogenesis. Hook development is also controlled by core components of miRNA 225 pathway, but our results identify a specific role for HYL1 that acts in an opposite way to 226 DCL1 and SE. This led us to study the role of HYL1 on skotomorphogenesis in more detail. Hook unfolding is repressed in mutant lines that affect the phosphorylation status of 249 HYL1. 250 The activity of HYL1 is regulated by phosphorylation in specific serine residues. It was 251 shown that phosphorylated HYL1 displays a reduced activity and that recruitment to the 252 microprocessor complex is impaired leading to defects in miRNA processing and 253 accumulation [22] . In order to verify if phosphorylation regulates HYL1 activity in 254 skotomorphogenesis as well, we analyzed the behavior of mutants that modify the 255 phosphorylation state of HYL1. C-terminal domain phosphatase-like 1 (CPL1) is the main 256 phosphatase that reactivates HYL1 by dephosphorylation of serine residues [22] . We tested 257 a strong (cpl1-7) and a mild (cpl1-3) allele of CPL1 mutants during skotomorphogenesis.
258
Both cpl1 mutants displayed only small differences in hypocotyl elongation ( Fig 4A) . In 259 contrast, hook unfolding is more repressed in both cpl1-3 and cpl1-7 than in WT plants ( repression of hook unfolding during darkness. In order to confirm that hook phenotypes in 264 CPL1 are mediated by HYL1 we made double mutants hyl1-2 cpl1-3 and hyl1-2 cpl1-7 and 265 tested them in darkness. Hook unfolding measurements showed hyl1-2 was epistatic to cpl1-3 266 or cpl1-7 as double mutants phenocopied hyl1-2 in 2-days dark-grown seedlings (S10 Fig) . Two specific serine residues were described as important for HYL1 phosphorylation 271 mediated regulation: S42 in dsRBD1 and S159 in dsRBD2 ( Fig 4C) . Mutant versions of S42 272 or S159 to aspartic acid (S42D or S159D), mimicking constitutive phosphorylation, failed to 273 complement hyl1-2 defects in leaves, while mutants of seven serines, including S42 and 274 S159, to alanine produced hypophosphorylation mimics of HYL1 that fully restore hyl1-2 275 defects [22] . We tested whether these mutant lines were able to complement the defects 276 observed in hyl1-2 during skotomorphogenesis. Hyperphosphorylation mimic versions of 277 HYL1 S42D and S159D were not able to complement the shorter hypocotyls of hyl1-2 ( unfolding. 282 We also tested the hypophosphorylated mutant versions of HYL1, S42A and S159A. The 283 S42A mutant almost fully complemented both the hypocotyl phenotype and the defects in 284 hook opening of hyl1-2 ( Fig 4D) . In line with this, the same mutant restored the curvature in 285 leaves (S11 Fig) , confirming that the mutation keeps HYL1 active. In contrast, 286 complementation by the S159A mutant in hypocotyls was virtually insignificant (Fig 4D) , 287 and the mutant form also leads to more closed hooks ( Fig 4E and 4F ). HYL1-S159A shows Given the skotomorphogenic phenotypes displayed in hyl1-2 and se-1 mutants, we 293 suspected that dark/light signaling responses could be altered in these mutants. PIFs these are rather small and no differences were detected between both mutants and WT ( Fig   301   5A and 5B). These small differences do not seem to reflect a differential transcriptional 302 activity of PIFs between the mutants since no differences in PIL1 or XTR7 expression were 303 detected (except for slightly higher levels of PIL1 expression in hyl1-2 at 4dD) ( Fig 5B) . 304 Taken together, neither the changes in PIFs levels nor their activity in hyl1-2 or se-1 mutants 305 justify the partial photomorphogenic growth observed in darkness.
306
HY5 transcription factor plays a crucial role in photomorphogenic growth promoting with an induction of its direct targets tested. On the other hand, results consistently show a 316 higher expression level of HY5 in hyl1-2 that is in line with the induction of CAB1, RbcS1A 317 and CHS observed at 4dD ( Fig 5D) . Taken together, these results suggest that a small fraction 318 of HY5 protein might be active in hyl1-2 mutants in darkness partially explaining 319 physiological phenotypes observed during skotomorphogenesis.
320
In order to test this hypothesis, we made double mutants of HY5 and HYL1 or SE and 321 measured their hypocotyl elongation and hook unfolding during skotomorphogenesis. hy5-2 322 mutants did not show any phenotypic differences compared to WT seedlings, neither in 323 hypocotyl length nor in hook angle, most probably because Constitutive Photomorphogenic 324 1 (COP1) targets HY5 for proteasome-mediated degradation in the dark [6] . Hypocotyl 325 elongation measurements showed hyl1-2 or se-1 were epistatic to hy5-2, as both hyl1-2 hy5-326 2 and se-1 hy5-2 phenocopied hyl1-2 and se-1 defects, respectively ( Fig 6A) . A similar 327 epistatic interaction is shown for se-1 hy5-2 in hook unfolding where the closed hook 328 phenotype in se-1 was not affected by the absence of HY5 (Fig 6B and 6C ). However, we 329 observed different effects when we look at the hook phenotypes. Interestingly, we found that 330 the hy5-2 mutation is able to restore hook phenotypes when introduced in the hyl1-2 mutant 331 seedlings ( Fig 6B and 6C ), suggesting again that HY5 misregulation in hyl1-2 mutant was 332 responsible for the hook defects.
333
As HY5 levels in darkness were reported to be very low and inactive due to Earlier reports have shown that Arabidopsis thaliana mutants in HYL1 and DCL1 develop 344 shorter hypocotyls than WT plants at specific time points in darkness [14, 27, 28] but the 345 consistency of this phenotype during skotomorphogenesis has not been previously addressed. 346 Our results indicate that proteins belonging to the core miRNA processing complex promote 347 hypocotyl elongation in darkness since individual mutants in all three major components of 348 this pathway display shorter hypocotyls. This regulation seems to be specific for 349 skotomorphogenic growth since hypocotyl elongation in diurnal conditions is not affected in darkness and largely depend on its phosphorylation status. Our data clearly shows that HY5 417 stability is compromised in HYL1 mutants during skotomorphogenesis. Although much effort 418 is needed to understand the mechanism of this interaction, one plausible explanation is that 419 the phosphorylation status of HY5 might be displaced to a more active population in HYL1 420 mutants. Molecular and genetic data presented in this work support this hypothesis. First, we 421 show that at least three direct targets of HY5 are overexpressed in dark-grown hyl1-2 422 mutants. Second, epistasis analyses in double and single mutants of HY5 and HYL1 strongly 423 suggest HYL1 negatively regulates HY5 activity in darkness. hyl1-2 hy5-2 double mutants 
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Experiments with dcl1-100 seeds were carried out as described above but arrangement of 503 dark-grown seedlings on the plate and photographs were performed in sterile conditions in a 504 hood. Plates were then incubated for 4 more days in LD and photographs were taken. Table) . 
Gene Expression Analyses

524
Seedlings were grown in the dark as described previously for the indicated times in each 525 experiment. ~100 mg of collected tissue was used to extract total RNA by using the protocol Table) . Each PCR was repeated at least two times, and the mean expression values 536 from three technical replicates were used for further calculations. PP2AA3 was used as a 537 normalization control as described previously [42] . Normalized gene expression is 538 represented relative to the 2 days' dark-grown hyl1-2 (in Fig 1F) , se-1 (in Fig 2E) , and Col-25 539 0 (in Figs 1G, S5 , 2F, 5A, 5B, 5C and 5D) set at unity. Primer sequences for qRT-PCR can 540 be found in S3 Table. 
